This study compared the antimicrobial susceptibility and prevalence of virulence genes in Salmonella enterica Typhimurium isolated from healthy and diseased pigs in Korea. A total of 456 Salmonella Typhimurium isolated from healthy (n~238) and diseased (n~218) pigs between 1998 and 2011 were investigated. In total, 93.4% of the Salmonella Typhimurium isolates were resistant to at least one antimicrobial agent tested. The isolates were most often resistant to tetracycline (85.7%), followed by streptomycin (83.6%), nalidixic acid (67.3%), ampicillin (49.3%), chloramphenicol (42.8%), and gentamicin (37.1%). Moreover, multidrug resistance phenotype and resistance to ampicillin, florfenicol, gentamicin, nalidixic acid, neomycin, streptomycin, and tetracycline were significantly higher (P , 0.01) among Salmonella Typhimurium isolates from the diseased pigs compared with those from the healthy pigs. The most common resistance pattern observed in both groups of isolates was streptomycin-tetracycline. Overall, more than 96% of the isolates tested possessed invA, spiA, msgA, sipB, prgH, spaN, tolC, lpfC, sifA, sitC, and sopB virulence genes. The prevalence of orgA, pagC, and iroN were 50.2, 74.1, and 91.0%, respectively, whereas isolates carrying cdtB (1.5%), pefA (7.0%), and spvB (14.9%) were identified much less frequently. Furthermore, the prevalence of invA, lpfC, orgA, pagC, and iroN was significantly higher (P , 0.01) among the isolates from the diseased pigs than in isolates from the healthy pigs. Our results demonstrated that, among diseased pigs, there was significantly higher resistance to some antimicrobials and greater prevalence of some virulence genes than in healthy pigs, indicating the role these factors play in pathogenesis. Multidrug-resistant Salmonella isolates that carry virulence-associated genes are potentially more dangerous and constitute a public health concern. Thus, continuous surveillance of antimicrobial resistance and virulence characteristics in Salmonella is essential.
Salmonella enterica is an important foodborne zoonotic pathogen that poses significant public health concerns around the world (28) . It is estimated that approximately one million cases of salmonellosis, causing nearly 20,000 hospitalizations and about 400 deaths, occur each year in the United States (22) . Moreover, the impact of salmonellosis on the U.S. economy is significant, costing an estimated $14.6 billion due to lost productivity, increased medical costs, and death (23) . In Korea, Salmonella strains are the third most common causative agents of water-and foodborne disease outbreaks (11) . Salmonella enterica Typhimurium, the most prevalent serotype causing human salmonellosis (5), has been reported to be the most prevalent serotype in diseased pigs, and also in apparently healthy pigs, from Korea (17) . Thus, pigs may be one of the most important reservoirs of human salmonellosis in Korea.
The primary sources of salmonellosis are foodproducing animals, such as poultry, pigs, and cattle (27) , and a majority of Salmonella infections are attributed to consumption of contaminated food of animal origin, including chicken, beef, pork, and poultry and dairy products (13) . Although antimicrobial therapy is not recommended for uncomplicated infections, severe Salmonella infections often require treatment (12) . A potential problem for human health is the increasing resistance to multiple antimicrobial agents among Salmonella strains worldwide. Of great concern is the emergence of resistance to fluoroquinolones or extended-spectrum cephalosporins (13) , because these agents have been recommended for treatment of invasive Salmonella infections (12) . A major cause of increase in antimicrobial resistance is the widespread use of antimicrobial agents in food animals to prevent or treat disease (25) . Therefore, surveillance of antimicrobial resistance in important foodborne pathogens should be continuously performed.
The virulence of bacteria is influenced by both the presence of virulence factors and antimicrobial resistance. In general, Salmonella pathogenicity depends on a variety of virulence factors that play important roles in a wide range of pathogenic mechanisms, such as adhesion, invasion, intracellular survival, systemic infection, toxin production, and iron acquisition (24) . Whereas most virulence genes are widely distributed, the virulence plasmid-associated genes such as Salmonella plasmid virulence (spv) operon and plasmid-encoding fimbriae ( pef ) operon are limited to a few Salmonella serotypes (9) . The presence of virulence genes, particularly plasmid virulence genes, is associated with severe infections and is a public health concern (6).
A number of previous studies demonstrated that Salmonella strains isolated from birds with salmonellosis differed from the Salmonella strains from healthy birds, in their adhesion, invasiveness, and intracellular survival characteristics in cell culture (15, 19) . However, Skyberg et al. (24) demonstrated no significant differences in the occurrence of 17 Salmonella virulence genes between Salmonella isolates from apparently healthy birds and from clinically ill birds. Nevertheless, to date, there is no information available about the relationship between nontyphoid Salmonella strains isolated from healthy and from diseased food animals in Korea, with respect to virulence genes. Therefore, this study compared the occurrence of antimicrobial resistance and the prevalence of virulence genes in Salmonella Typhimurium isolated from healthy and diseased pigs in Korea.
MATERIALS AND METHODS
Sources of Salmonella strains. Apparently healthy swine with normal feces and with no clinical signs and symptoms of illness were included as healthy pigs. The samples were collected on a monthly basis. Typically, one large slaughterhouse was randomly selected from each province throughout Korea. Approximately 30 to 50 samples, which included feces and lymph nodes, were collected per visit. Prior information on the antimicrobial therapy for each pig by each farm was not available. Pigs were selected for sampling at random, and only one isolate per pig was used.
On the other hand, swine that were suspected to have salmonellosis, characterized by diarrhea and isolation of Salmonella from their fecal samples, were included as diseased pigs. The Salmonella from diseased pigs was isolated from samples submitted to 12 diagnostic laboratories in Korea, including the central diagnostic laboratory of Animal and Plant Quarantine Agency.
The isolation, identification, and serotyping of Salmonella isolates were done as described previously (17) . Salmonella Typhimurium isolates received from Korean Veterinary Antimicrobial Resistance Monitoring System (KVARMS) participating centers during 2008 to 2011 were also included. Overall, 456 Salmonella Typhimurium isolated from healthy (n~238) and diseased (n~218) pigs between 1998 and 2011 were investigated.
Antimicrobial susceptibility testing. Salmonella Typhimurium was tested for antimicrobial susceptibility by determining MIC using the Sensititre susceptibility system (TREK Diagnostic Systems, West Sussex, UK) according to the manufacturer's instructions. The Sensititre panel consists of 96-well microtiter plates that contain 15 different antimicrobial agents over a wide range of concentrations. The antimicrobials tested include amoxicillin clavulanic acid (AMC), ampicillin (AMP), cefoxitin (FOX), ceftiofur (XNL), cephalothin (CEP), chloramphenicol (CHL), ciprofloxacin (CIP), colistin (COL), florfenicol (FFN), gentamicin (GEN), nalidixic acid (NAL), neomycin (NEO), streptomycin (STR), tetracycline (TET), and trimethoprim-sulfamethoxazole (SXT). Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 29213, and Enterococcus faecalis ATCC 29212 were used as quality control strains. The interpretation of MIC was carried out according to the Clinical and Laboratory Standards Institute (CLSI)'s guidelines (7) or as described previously (17) when breakpoints were not available.
Determination of virulence genes by PCR. DNA templates for PCR were prepared by boiling whole bacterial cells from isolated colonies in water for 10 min, followed by rapid cooling in ice for a minute, centrifugation, and supernatant collection. Three separate multiplex PCR reactions were used to amplify 17 virulence genes associated with pathogenicity in Salmonella, using primers and conditions as described previously (24) . Set 1 multiplex PCR amplified spvB, spiA, pagC, cdtB, and msgA genes; set 2 multiplex PCR amplified invA, sipB, prgH, spaN, orgA, and tolC genes; and set 3 multiplex PCR amplified sitC, ipfC, sifA, sopB, pefA, and iroN genes (24) . PCRs were performed in a total volume of 20 ml, using commercial Maxime PCR premix kit (Intron Biotechnology, Seongnam, Korea).
Statistical analysis. Statistical analysis was performed using GraphPad INSTAT (GraphPad Software Inc., San Diego, CA). Comparisons between groups were performed using Fisher's exact test or chi-square test. A value of P , 0.01 was considered significant. The lowest concentrations that completely inhibited the growth of 50% (MIC 50 ) and 90% (MIC 90 ) of the isolates were calculated for each of the antimicrobials.
RESULTS
The antimicrobial susceptibility of Salmonella Typhimurium isolates from healthy (n~238) and diseased pigs (n~218) to 15 antimicrobial agents is shown in Table 1 .
In total, 426 (93.4%) of 456 Salmonella Typhimurium isolates from Korean pigs were resistant to at least one of the antimicrobials tested in this study. Of the total 456 isolates, the most frequently seen resistance was to tetracycline (85.7%), streptomycin (83.6%), and nalidixic acid (67.3%). Moreover, resistance was also relatively high to ampicillin (49.3%), chloramphenicol (42.8%), gentamicin (37.1%), trimethoprim-sulfamethoxazole (34.6%), and florfenicol (23.5%). All florfenicol-resistant isolates exhibited resistance to chloramphenicol as well.
The isolates from diseased pigs showed higher percentages of resistance to all antimicrobials tested compared to those from healthy pigs, except for colistin. Although significant differences could not be demonstrated between these two groups for resistance percentages to cefoxitin, chloramphenicol, and trimethoprim-sulfamethoxazole, the percentage of Salmonella Typhimurium isolates from the diseased pigs that were resistant to ampicillin, florfenicol, gentamicin, nalidixic acid, neomycin, streptomycin, and tetracycline was significantly higher (P , 0.01) than those from the healthy pigs. Similarly, despite a low level of resistance (,7%), the number of isolates resistant to cephalothin (0.8 and 6.0%, respectively) and amoxicillinclavulanic acid (0.4 and 4.1%, respectively) was significantly higher from diseased pigs compared to healthy pigs.
Overall, multidrug resistance (MDR), defined as resistance to three or more classes of antimicrobials (as categorized by CLSI), was observed in 69.1% of the isolates. The frequency of MDR among Salmonella Typhimurium isolates from diseased pigs (78.4%) was significantly higher (P , 0.01) than among those from healthy pigs (60.5%). Altogether, 52 and 66 different antimicrobial resistance patterns were detected among isolates from healthy and diseased pigs, respectively ( Table 2 ). The most common resistance pattern observed in both groups of isolates was STR-TET (healthy, n~42; diseased, n~35), followed by AMP-CHL-GEN-NAL-STR-SXT-TET (n~18) and NAL-STR-TET (n~13) among the isolates from the healthy and the diseased pigs, respectively.
Overall, more than 96% of the isolates tested possessed invA, spiA, msgA, sipB, prgH, spaN, tolC, lpfC, sifA, sitC, and sopB virulence genes. The prevalence of orgA, pagC, and iroN was 50.2, 74.1, and 91.0%, respectively, whereas isolates carrying cdtB (1.5%), pefA (7.0%), and spvB (14.9%) were identified much less frequently than other genes targeted in this study. All virulence genes apart from cdtB, pefA, and spvB were found in a higher percentage of isolates from diseased rather than healthy pigs (Table 3) . Among them, the prevalence of invA, lpfC, orgA, pagC, and iroN genes was significantly higher (P , 0.01) in isolates from diseased pigs than in isolates from healthy pigs. The cdtB gene was detected only in isolates from healthy pigs, whereas the prevalence of spvB was significantly higher (P , 0.01) among isolates from the healthy pigs than those from the diseased pigs.
DISCUSSION
In this study, antimicrobial susceptibility and virulence characteristics of Salmonella Typhimurium isolated from healthy and diseased pigs in Korea were investigated; a high prevalence of antimicrobial resistance among Salmonella Typhimurium isolates from Korean pigs was found. The highest level of resistance was observed for tetracycline (85.7%) and streptomycin (83.6%). Our findings are consistent with those of previous studies on Salmonella isolated from pigs in Spain (10) and Korea (17) , and from turkeys in the United States (18) . Similarly, a high to moderate level of resistance to tetracycline and streptomycin, among others, has been reported in Salmonella isolates of pig origin from Italy (4) and Germany (8) . This trend may be attributed to the fact that tetracycline and streptomycin have been among the most commonly used antibiotics for food animal production worldwide (20) . In addition, a higher percentage of isolates showed resistance to nalidixic acid (67.3%), ampicillin (49.3%), chloramphenicol (42.8%), and gentamicin (37.1%), results similar to those in our previous study of Salmonella Typhimurium from pigs from Korea (17). Our results indicate that pigs may represent an important reservoir of antimicrobial-resistant Salmonella strains that could give rise to public health problems if transferred to the human population via the food chain; this highlights the importance of monitoring antimicrobial resistance in Salmonella of animal origin to ensure public health.
Extensive use of fluoroquinolones in both human and veterinary medicine has led to increasing numbers of Salmonella isolates resistant to quinolones and to reduced susceptibility to fluoroquinolones in many countries, including the Republic of Korea (2, 3, 26 ). In the current study, none of the isolates examined were resistant to ciprofloxacin. However, decreased ciprofloxacin susceptibility (0.125 to 1 mg/liter) was common in isolates from both healthy (109 [45.8%] of 238) and diseased pigs (139 [63.8%] of 218). Reduced susceptibility to fluoroquinolones among the Salmonella strains has been associated with clinical treatment failure, causing significant therapeutic problems worldwide (1). Therefore, more prudent use of antimicrobials in livestock is recommended. In this study, Salmonella Typhimurium isolates from the diseased pigs had a significantly higher percentage of resistance to most antimicrobials tested, higher frequency of MDR phenotype, and higher occurrence of multiresistance to five or more CLSI classes of antimicrobials compared with isolates from the healthy pigs. Furthermore, antimicrobial resistance to ceftiofur (6.0%) was observed only in isolates from diseased pigs. These findings could be a consequence of a higher exposure to antimicrobials used to treat diseased pigs, as compared to healthy pigs. Whereas no significant difference was observed in antimicrobial resistance between clinical isolates and isolates from healthy animals (14) , previous studies from Korea (17) and other parts of the world (10) have reported that Salmonella strains isolated from diseased pigs are more likely to present antimicrobial resistance than those from healthy pigs. In this study, 17 genes associated with Salmonella invasion, pili production, toxin production, iron acquisition, systemic infection, and intracellular survival were examined. Among them, invA, spiA, msgA, sipB, prgH, spaN, tolC, lpfC, sifA, sitC, iroN, and sopB genes were detected in more than 90% of the isolates. All of these genes, except sipB, spaN, and iroN, have previously been shown to be required for full Salmonella virulence in a murine model (24) . Moreover, our findings are in agreement with previous studies that reported similar prevalences of these genes in Salmonella isolates recovered from sick and healthy birds (24) and turkeys (18) . However, unlike their findings, the prevalence of invA, lpfC, orgA, pagC, and IroN was significantly higher in isolates from diseased pigs than in those from healthy pigs, which may indicate their role in pathogenesis.
In contrast to many highly prevalent genes, cdtB, pefA, and spvB were found in less than 15% of the total isolates examined in the present study. Previous studies reported similar prevalences of these genes in Salmonella isolates recovered from sick and healthy birds (24) and turkeys (18) . Similarly, Li et al. (16) found none of these three genes in Salmonella Hadar isolates from bison carcasses. The pefA and spvB genes are located in virulence plasmids, which may not always be present, in contrast with the chromosomal genes (21) . This may explain the low prevalence of these two genes among the Salmonella isolates in this study.
In conclusion, Salmonella isolates from the diseased pigs had significantly higher prevalence of MDR phenotype, resistance to some antimicrobials, and the prevalence of certain virulence genes compared with isolates from the healthy pigs. MDR Salmonella strains carrying virulence-associated genes are potentially more dangerous, and they constitute a public health concern because the diseased animals, after they recover, may ultimately enter the food chain. Thus, it is essential to carry out continuous surveillance and monitoring of antimicrobial resistance and virulence characteristics in Salmonella.
